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Abstract. We illustrate why color deconfines when chiral symmetry is restored
in gauge theories with quarks in the fundamental representation, and while these
transitions do not need to coincide when quarks are in the adjoint representation,
entanglement between them is still present.
Introduction. One of the long-standing puzzles in theoretical physics is the relation
between confinement and chiral symmetry breaking.
In pure Yang-Mills theory the ZN center of the gauge SU(N) group is a global
symmetry. The Polyakov loop is a gauge invariant operator charged under ZN ,
whose expectation value vanishes at low temperatures, and is nonzero above a critical
temperature Tχ, when the center symmetry is spontaneously broken. This feature,
together with its relation to the infinitely heavy quark free energy makes the Polyakov
loop suitable to be the order parameter for the deconfinement transition in pure gauge
theory. We denote with χ the polyakov loop field which is usually denoted with ℓ.
When quarks with finite masses are added to the theory in the fundamental
representation of the gauge group the ZN symmetry is not exact. QCD with massless
quarks exhibits chiral symmetry. The order parameter, the chiral condensate, is zero
above Tσ, where chiral symmetry is restored. Here σ is the interpolating field associated
to the scalar component of the q¯q operator. For any finite quark mass chiral symmetry
is explicitly broken. When quarks are in the adjoint representation the center group
symmetry is intact. For realistic quark masses there are no exact symmetries, but one
can still follow the behavior of the condensates. Analysis done on the lattice showed that
with quarks in the fundamental representation deconfinement (a rise in the Polyakov
loop), happens at the temperature where chiral symmetry is restored (chiral condensate
decreases) Tχ = Tσ [1]. Lattice also revealed that when quarks are in the adjoint
representation deconfinement and the chiral symmetry restoration do not happen at the
same temperature, Tσ ≃ 8Tχ [2]. Despite the attempts to explain these behaviors [3],
∗ Speaker at the conference.
Deconfinement and Chiral Symmetry Restoration 2
the underlying reasons are still unknown. Lattice simulations for two color QCD at non-
zero baryon chemical potential observe deconfinement for 2 color QCD and 8 continuum
flavors. Here also, the Polyakov loop rises when the chiral condensate vanishes, at the
same value of the chemical potential [4].
Our goal is to provide a simple unified way to describe all of these features. We
study the two color theory with Nf flavors in the chiral limit, since with only minor
modifications of the effective Lagrangian we can discuss the theory with quarks in
the fundamental and adjoint representation at nonzero temperature or quark chemical
potential. The results presented here are based on our recent work [5] concerning the
transfer of critical properties from true order parameters to non-critical fields, approach
presented in [6, 7], envisioned first in [8]. For a complete review see [9]. The transfer of
information is possible due to the presence of a trilinear interaction between the light
order parameter and the heavy non-order parameter field, singlet under the symmetries
of the order parameter field. Due to this interaction, the expectation value of the order
parameter field in the symmetry broken phase induces a variation in the expectation
value for the singlet field, and spatial correlators for the non-critical fields are infrared
dominated.
Fundamental Representation. In two color QCD with two massless quark flavors in
the fundamental representation the global symmetry group is SU(2Nf ) which breaks to
Sp(2Nf) . The chiral degrees of freedom are 2N
2
f −Nf − 1 Goldstone fields πa , and a
scalar field σ , which is the order parameter. For Nf = 2 the potential is [10]:
Vch[σ, π
a] =
m2
2
Tr
[
M †M
]
+ λ1Tr
[
M †M
]2
+
λ2
4
Tr
[
M †MM †M
]
(1)
with 2M = σ+ i 2
√
2πaXa, a = 1, . . . , 5 and the generators Xa ∈ A(SU(4))−A(Sp(4))
are provided explicitly in equation (A.5) and (A.6) of [10]. The Polyakov loop, denoted
by χ , is treated as a heavy field singlet under the chiral symmetry. Its contribution to
the potential in the absence of the Z2 symmetry is
Vχ[χ] = g0χ +
m2χ
2
χ2 +
g3
3
χ3 +
g4
4
χ4 . (2)
The interaction terms allowed by chiral symmetry are
Vint[χ, σ, π
a] =
(
g1χ + g2χ
2
)
Tr
[
M †M
]
=
(
g1χ+ g2χ
2
)
(σ2 + πaπa) . (3)
The g1 term plays a fundamental role. In the symmetry broken phase with T < Tcσ
the σ acquires a non-zero expectation value, which in turn induces a modification also
for 〈χ〉. The extremum of the linearized potential, near the phase transition where σ is
small, is at
〈σ〉2 ≃ −m
2
σ
λ
, m2σ ≃ m2 + 2g1〈χ〉 , and 〈χ〉 ≃ −
g0
m2χ
− g1
m2χ
〈σ〉2 , (4)
with λ = λ1 + λ2. Near Tc the mass of the order parameter field is assumed to posses
the generic behavior m2σ ∼ (T − Tc)ν . For g1 > 0 and g0 < 0 the expectation value
of χ behaves oppositely to that of σ : As the chiral condensate starts to decrease
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Figure 1. Left panel: Expectation values of the Polyakov loop and chiral condensate
versus temperature, with massless quarks in the fundamental representation. Right
panel: Same as in left panel, for the adjoint representation and Tcχ ≪ Tcσ.
towards chiral symmetry restoration, the expectation value of the Polyakov loop starts
to increase, signaling the onset of deconfinement. This is illustrated in the left panel
of figure 1. When applying the analysis presented in [6, 7], we find a drop near the
transitions, on both sides, in the spatial two-point correlator of the Polyakov loop.
Adjoint Representation. In two color QCD with two massless Dirac quark flavors in
the adjoint representation the global symmetry is SU(2Nf ) which breaks via a bilinear
quark condensate to O(2Nf). There are 2N
2
f +Nf − 1 Goldstone bosons, and two exact
order parameter fields, the chiral σ field and the Polyakov loop χ. For Nf = 2 the
chiral part of the potential is given by (1) with 2M = σ+ i 2
√
2πaXa, a = 1, . . . , 9 and
the generators Xa ∈ A(SU(4))−A(O(4)) are provided explicitly in equation (A.3) and
(A.5) of [10]. The Z2 symmetric potential for the Polyakov loop is
Vχ[χ] =
m2
0χ
2
χ2 +
g4
4
χ4 , (5)
and the only interaction term allowed by symmetries is
Vint[χ, σ, π] = g2χ
2Tr
[
M †M
]
= g2χ
2(σ2 + πaπa) . (6)
Since the relevant interaction term g1χσ
2 is now forbidden, one might expect no
information transfer between the fields. Our analysis suggests though that this is not the
case. Consider the physical case in which the deconfinement happens first [2], Tcχ ≪ Tcσ.
For Tcχ < T < Tcσ both symmetries are broken, and the expectation values of the two
order parameter fields are linked to each other:
〈σ〉2 = −m
2 + 2g2〈χ〉2
λ
≡ −m
2
σ
λ
, 〈χ〉2 = −m
2
0χ + 2g2〈σ〉2
g4
≡ −m
2
χ
g4
. (7)
The behavior of m2χ ∼ (T −Tcχ)νχ and m2σ ∼ (T −Tcσ)νσ near Tcχ and Tcσ, respectively,
combined with (7), yields near these two transitions the qualitative situation illustrated
in the right panel of figure 1. On both sides of Tcχ (Tcσ) the relevant interaction term
g2〈σ〉σχ2 (〈χ〉χσ2) emerges, leading to the infrared sensitive contribution ∝ 〈σ〉2/mχ
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(∝ 〈χ〉2/mσ) to the σ (χ) two-point function. Thus when Tcχ ≪ Tcσ the two order
parameter fields, a priori unrelated, do feel each other near the respective phase
transitions. The existence of substructures near these transitions must be checked via
lattice calculations.
Quark Chemical Potential. For two color QCD extending the discussion to finite
chemical potential is straightforward. With quarks in the pseudoreal representation
there is a phase transition from a quark-antiquark condensate to a diquark condensate
[11]. We hence predict that when diquarks form for µ = mpi, the Polyakov loop feels the
presence of the phase transition exactly in the same manner as it feels when considering
the temperature driven phase transition. This was seen in lattice simulations [4].
Discussion. Within an effective Lagrangian approach we have shown how deconfine-
ment (a rise in the Polyakov loop) is a consequence of chiral symmetry restoration in the
presence of massless quarks in the fundamental representation. We expect this to hold
for small quark masses. If quark masses were very large then chiral symmetry would be
badly broken, and could not be used to characterize the phase transition. But then ZN
symmetry becomes more exact, and its breaking would drive the (approximate) restora-
tion of chiral symmetry. In the non-perturbative regime the amount of ZN breaking
is unknown, so we cannot establish which symmetry is more broken for a given quark
mass. We can make a rough estimate by comparing two ratios: quark mass/confining
scale, for chiral symmetry breaking, and, unless some dynamical suppression, Nf/N , for
ZN breaking [9]. A two phase transitions situation is still possible in QCD with massless
quarks in the limit of large number of colors for fixed number of flavors, Nf/N ≪ 1 ,
but this is unnatural in the case Nf ∼ N . Which of the underlying symmetries demands
and which amends can be determined directly from the critical behavior of the spatial
correlators of hadrons or of the Polyakov loop [6, 7], and by extending our analysis with
the systematic study of the effects of quark masses, quark flavors, anomalies, etc. This
would help to further understand the nature of phase transitions in QCD.
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